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Abstract
Secondary cone degeneration in the transgenic rats carrying the S334ter rhodopsin mutation
(S334ter-3 rats) starts at the peak of rod degeneration (PD12) and progresses with age. An early
sign of cone degeneration is the loss of cone outer segments (COS) distributed in many small
patches throughout the retina. Cone cell death occurs about 2 months later. When treated with
CNTF (ciliary neurotrophic factor), impaired cones regenerate COS. Sustained delivery of CNTF
prevents cones from degeneration and helps to maintain COS and function. These results indicate
that cone degeneration is reversible at early stages, and supports a therapeutic strategy of sustained
delivery of CNTF to prevent cone degeneration.

13.1. Introduction
Hereditary retinal degenerations are a major cause of blindness and effective treatments are
still being sought (Hartong et al. 2006). Among these conditions, the worldwide prevalence
of retinitis pigmentosa, a group of inherited retinal degenerations, is about 1 in 4000 for a
total of more than 1 million affected individuals with well over 100 genes implicated.
Although most mutations responsible for RP only affect rod photoreceptors directly, cones
undergo a secondary degeneration (Delyfer et al. 2004; Hartong et al. 2006). Since cones are
responsible for our central and color vision, rescue of the cones has become a major research
challenge for therapeutic discovery and development.

We investigated the secondary cone degeneration in a retinal degeneration model, the
S334ter-3 rats. In these rats, rod degeneration starts at postnatal day (PD) 8, peaks at PD 12
to 13, and most rods are degenerated by PD 20 (Liu et al. 1999). Cone degeneration starts
with an early sign of COS loss, which in these animals occurs in many round or irregular
areas across the retina (Li et al. 2010). When treated with CNTF, degenerating cones
regenerate COS (Li et al. 2010). These results provide evidence that in early stages, CNTF
reverses secondary cone degeneration. Sustained delivery of CNTF helps cones to maintain
COS and their functions.
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13.2 Materials and Methods
Homozygous S334ter rats and Sprague-Dawley rats were used. Intravitreal injections were
carried out with 33-gauge needles. The left eyes were injected with recombinant human
CNTF protein (10μg/5μl), the right ones with phosphate buffered saline (PBS) (5μl) and
served as control. CNTF was injected intravitreally at a given time point and retinas were
collected 10 days later. CNTF-secreting microdevices were implanted in the vitreous at
postnatal day (PD) 20 and eyes were collected 140 days later. Flat-mounted retinas were
stained with fluorescent conjugated peanut agglutinin (PNA) or antibodies against cone
arrestin (CAR) and examined by confocal microscopy. Photopic ERG responses were
elicited by 1 ms white flashes of 2.5 log cd·s/m2 in the Ganzfeld sphere with white
background illumination of 30 cd·s/m2.

13.3 Results
13.3.1 Loss of COS in Early Stages of Cone Degeneration

At PD 10, PNA staining is evenly distributed across the retina (Fig. 13.1A). Loss of PNA
staining is detected at PD12 when rod degeneration is at its peak (not shown). By PD 20,
loss of COS appears in many small round or irregularly shaped PNA-negative areas (Fig.
13.1A). PNA staining outside those areas is similar to that of PD 10. Loss of COS
progresses with age (Fig. 13.1A-1F).

Since PNA only stains COS, antibodies against CAR were used as a marker to identify cone
cells (Zhu et al. 2002). At PD 20, cells inside PNA-negative areas are positive of CAR,
indicating they are cones (Fig. 13.2A). By PD 90, however, only a few CAR-positive cells
remained in the PNA-negative areas (Fig. 13.2B). Thus, by PD 90, most of the cones in the
PNA-negative areas were degenerated.

13.3.2 CNTF Promotes COS Regeneration
Retinas treated with CNTF at PD 10 (endpoint PD 20) had no obvious PNA-negative areas
(Fig. 13.3A), unlike PBS-treated ones in which many PNA-negative areas appeared (Fig.
13.3E). In most cases, PNA-negative areas completely disappeared in CNTF-treated retinas
between PD 20 to PD 50 (endpoints PD 30 to PD 60) (Fig. 13.3B and C). In contrast, PBS-
treated fellow retinas had many PNA-negative areas (Fig. 3F and G). This effect became
less dramatic at PD 80 (endpoint PD 90, Fig. 13.3D) and almost disappeared in retinas of PD
170 (endpoint PD 180, not shown).

CNTF-induced reappearance of PNA-positive cells (Fig. 13.3A and B) suggests COS
regeneration. To confirm this observation, eyes were treated with CNTF at PD 35 and
retinas were examined at PD 45. Indeed, the density of PNA-positive cells in CNTF-treated
retinas of PD 45 was significantly more than in the PD 35 controls before the treatment
started (Fig. 13.4A).

Long-term effect of CNTF was achieved by using CNTF-secreting microdevices (Tao 2006;
Tao et al. 2006; Tao and Wen 2007), which were implanted in the left eyes and control
devices in the right eyes at PD 20, and retinas were collected at PD160. The densities of
PNA-positive cells in CNTF-treated retinas are significantly more than in the control retinas
(Fig. 13.4B). In another experiment, CNTF-secreting devices were implanted in the left eyes
and control devices in the right eyes at PD 30. Cone ERGs were recorded at PD 135. The
cone b-wave amplitude in CNTF-treated eyes is significantly higher than in control eyes
(Fig. 13.4C and D).
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13.4 Discussion
Loss of COS constitutes a prelude to cone degeneration, followed by cone cell death with a
delay. In the S334ter-3 rats, the delay of cone death is about two month. PNA-negative
patches are readily observable at PD20, but the cones in the PNA-negative areas are visibly
alive. In contrast, cones are scarce to nonexistent in the PNA-negative areas in retinas by PD
90. This is also reflected in the CNTF induced COS regeneration. Although partially
responsive up to PD 60, regenerative potential has dramatically decreased in retinas by PD
80. A two-month window is rather large considering the rapid rate of rod degeneration (10
days) in these animals. Although the time frame shifts, a strong parallel exists in patients
with RP. In most clinical cases, rod degeneration in RP patients is much slower, and cone
death should occur much later.

It is rather surprising that degenerating cones remain capable of regenerating COS,
indicating that to a certain degree cone degeneration is reversible. COS are functional
organelles that initiate the conversion of photons into neuronal signals. Regeneration COS
should restore the light-sensing function of cones. This is very significant since it is possible
that in RP patients, degenerating cones may also be capable of regenerating COS. In that
case, it is possible to stimulate those cones to regenerate COS and to restore vision to some
extent.

Reports from CNTF clinical trials in patients with RP are consistent with our preclinical
observations. In a Phase I clinical trial, 3 patients with late-stage RP had significant
improvement of vision after implantation of a device that delivers CNTF to the retina
(Sieving et al. 2006). Recently, adaptive optics scanning laser ophthalmoscopy was used to
observe 3 patients with retinal degeneration over a two-year interval (Talcott et al. 2010).
While cone density significantly decreased in the sham-treated eyes, no decrease in cone
density occurred in the CNTF-treated eye (Talcott et al. 2010). Together, these findings
challenge us to rethink our goals in treating retinal degenerations. As a useful first step we
may want to emphasize early cone protection while continuing efforts to find ways to restore
vision in late stage RP patients.

CNTF has been shown to protect rod photoreceptors in different animal models (LaVail et
al. 1992; Cayouette and Gravel 1997; Cayouette et al. 1998; LaVail et al. 1998; Chong et al.
1999; Caffe et al. 2001; Liang et al. 2001; Bok et al. 2002; Tao et al. 2002). Our data
support long-term sustained delivery CNTF as a therapy to benefit RP patients by preserving
cone function and useful vision.
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Fig. 13.1.
Loss of COS. Flat-mounted retinas of different ages were stained with PNA. Loss of PNA
staining is concentrated in small round or irregularly shaped areas and progressive with age.
Scale bar: 200 μm. Modified from Li et al. (2010).
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Fig. 13.2.
Loss of cones. Flat-mounted retinas of S334ter-3 rats were double stained with PNA and
antibodies against cone arrestin (CAR). Many CAR-positive cells were found in the PNA-
negative areas at PD 20 (A), but only a few remained in the PNA-negative areas at PD 90
(B). Scale bars: 100 μm. Modified from Li et al. (2010).
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Fig. 13.3.
Effect of CNTF on PNA-positive cells. Flat-mounted retinas of different ages were stained
with PNA. After CNTF treatment, no PNA-negative areas were seen at PD 20 (A), whereas
many PNA-negative areas appeared in PBS-treated retinas (E). The PNA-negative areas
completely disappeared in PD 30 and 60 CNTF-treated retinas (B and C). This effect
became less dramatic in PD 60 and retinas (D). Scale bar: 200 μm. Modified from Li et al.
(2010).
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Fig. 13.4.
Regeneration of COS and long-term effects. To demonstrate regeneration of COS, retinas
were treated with either PBS or CNTF at PD 35 and collected by PD45 (A). PNA-positive
cell counts in CNTF-treated retinas are 657±76 (n=4), significantly more than in PBS treated
(334±33, n=3), or untreated at PD 35 before the treatment (467±73, n=3) (A, ANOVA and
Bonferroni test). To see the long-term effects of CNTF, CNTF secreting microdevices were
implanted at PD 20 and retinas were collected by PD 160 (B). PNA-positive cells are
significantly more in CNTF-treated retinas (446±80) than the controls (141±40) (B, mean ±
SD, n=3, Student t-test). Cone ERGs were recorded at PD 135 from eyes implanted at PD
30. Representative cone b-waves are shown in panel C (arrowhead indicates the onset of
flash). The amplitude of cone b-wave in CNTF-treated eyes (32.46±10.02 μV, mean ± SD,
n=3) is significantly higher than the control (17.70±4.78 μV, n=3) (D, Student t-test)
Asterisk: P<0.05; double-asterisk: P<0.01. Modified from Li et al. (2010).

Wen et al. Page 8

Adv Exp Med Biol. Author manuscript; available in PMC 2013 January 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


